This paper develops and models the Compliant Spar concept that allows the wing span to be varied to provide roll control and enhance the operational performance for a medium altitude long endurance (MALE) UAV. The wing semi-span is split into morphing partitions and the concept maybe incorporated in each partition; however only the tip partition is considered here. The Compliant Spar is made of compliant joints arrange in series to allow the partition to be flexible under axial (spanwise) loads but at the same time stiff enough to resist bending loads. Each compliant joint consists of two concentric overlapping Aluminium (AL) 2024-T3 tubes joined together using elastomeric material. Under axial (spanwise) loading, the elastomeric material deforms in shear allowing the overlapping distance between the tubes to vary and hence the length (in the spanwise direction) of the joint/spar to vary. High fidelity modelling of the concept is performed. Then, multidisciplinary design optimisation (MDO) studies are performed to minimise the axial stiffness and the structural mass of the concept for various design constraints. The flexible skin and actuation system to be used are also addressed.
I. Introduction
ontinuous demands to enhance flight performance and control authority have focused the interest of aircraft designers on span morphing. Wings with large spans have good range and fuel efficiency, but lack manoeuvrability and have relatively low cruise speeds. By contrast, aircraft with low aspect ratio wings can fly faster and become more manoeuvrable, but show poor aerodynamic efficiency [1] . A variable span wing can potentially integrate into a single aircraft the advantages of both designs, making this emerging technology especially attractive for military UAVs. Increasing the wingspan, increases the aspect ratio and wing area, and decreases the spanwise lift distribution for the same lift. Thus, the drag of the wing could be decreased, and consequently, the range or endurance of the vehicle increased. Unfortunately, the wing-root bending moment can increase considerably due to the larger span. Thus the aerodynamic, structural, aeroelastic, and control characteristics of the vehicle should be investigated in the design of variable-span morphing wings. Most span 3 American Institute of Aeronautics and Astronautics UAV takes-off with a weight of 800kg and it cruises and loiters for about 18 hours with a speed of 50m/s (M0.16) at 6100m (20,000ft) and then it descends and lands. The design parameters of the vehicle are given in Table 1 . Ajaj et al. [13, 14] used the Tornado Vortex Lattice Method (VLM) to estimate induced drag. Parasitic drag (skin-friction and form) were estimated using semi-empirical correlations. Endurance is expected to vary as the accuracy of the aerodynamic model increases, but the variation will be small as endurance is mainly related to the loitering flight phase at which the angle of attack is fairly small and the flow is expected to remain attached. A convergence study was performed to ensure that the prediction of their VLM code is robust with minimal numerical errors. The outcomes of their study [13, 14] can be summarised as  The wing must be able to extend on both sides by up to 22% and must be able to retract on both sides by up to 22% to provide sufficient roll control over the entire flight profile.  The rolling moment generated by asymmetric span morphing is very sensitive to the angle of attack (AOA). This sensitivity to AOA doesn't exist with conventional ailerons. This proves that morphing 4 American Institute of Aeronautics and Astronautics structures should not be operated in the same way as conventional control surfaces. The benefits that can be achieved from coupled manoeuvres must be exploited via the design of "ad hoc" flight control systems.  Span morphing induces some additional inertial terms in the roll equation of motion. These increase the importance of the transient response compared to ailerons due to the larger and heavier structure to be actuated.  Assuming the baseline BOW, 6.5% increase in endurance can be achieved at 35% span extension as shown in Fig. 3a . However, at 22% span extension, 6% increase in endurance can be achieved and from structural and actuation perspectives 22% is more feasible and easier to manufacture and implement.  Finally, the wing designed to extend and retract up to 22% can achieve a 28% reduction in TOFL and a 10% reduction in LD as shown in Fig. 3b . 22% span morphing (extension and retraction) seems the best compromise capable of delivering sufficient roll control, while extending flight endurance by 6%, and enhancing the take-off and landing phases. Therefore, the Complaint Spar is designed to be capable of extending by 22% and retracting by 22% on each side of the wing.
It should be noted that the ultimate benefits of the span morphing technology reduce as the BOW increases. The baseline BOW includes the weight of the conventional ailerons which are to be removed when the span morphing technology is incorporated. The structural weight of the ailerons with their internal supports is estimated to be 15 kg using modified semi-empirical correlations from Torenbeek [16] . The variations of endurance with baseline BOW and BOW without the ailerons at 22% symmetric span extension is shown in Fig.  4 . The variation of endurance with BOW is not linear but in the region up to 16% increase in BOW, it can be approximated as linear. The potential increase in endurance that can be achieved with 22% symmetric span extension reduces as the BOW increases. In fact the endurance can even go lower than that of the baseline UAV if the BOW of the morphing vehicle exceeds that of the baseline vehicle by more than 12.5% (for the baseline American Institute of Aeronautics and Astronautics BOW) and 16% (for the BOW without ailerons). This implies that the span morphing system (structure and actuator) must be as light as possible to maximise the gain in endurance.
In the literature there many span morphing concepts varying from telescopic structures with sliding skins actuated pneumatically or hydraulically to compliant structures with flexible skins actuated using SMA or muscles. However, only a limited number of aircraft with span morphing wings has been built and flown as shown in Fig. 5 . There are many reasons for this and they are beyond the scope of this paper. Table 2 summarises the morphing concepts (structure and actuation) used with those aircraft. Table 2 shows that most of the vehicles used telescopic structures where the morphing partition(s) can slide in and out through the fixed inboard partition. These vehicles do not require any compliant or flexible skin, as the sliding/telescopic mechanism allows rigid covers and semi-monocoque construction. This is the main driver for developing the Complaint Spar concept, to enable a fully compliant structure that allows the coupling of span and sweep and allows distributed actuation along the span of the wing.
III. The Compliant Spar
The Complaint Spar concept consists of compliant joints that allow the spar to be flexible under axial (spanwise) loads but at the same time stiff enough to resist bending loads. The compliant joint (Element 2) shown in Fig. 6a consists of two concentric overlapping AL 2024-T3 tubes joined together using elastomeric material. Under axial (spanwise) loading, the elastomeric material deforms in shear allowing the overlapping distance between the tubes to vary and hence the length (in the spanwise direction) of the joint/spar to vary. The elastomeric material is bonded to the AL tubes. The bonding process and the manufacturing/integration of the spar are beyond the scope of this paper.
To assess the feasibility of the Compliant Spar concept, the wing semi-span is split into 5 morphing partitions and the Compliant Spar is embedded in each partition. In this paper only the wingtip morphing partition is studied. The entire wing with Compliant Spars will be considered in future work. The wingtip partition has two Compliant Spars bounded by two major ribs, one at the root and one at the tip. The front spar is located at 20% of the chord while the rear spar is located at 65% of the chord. A schematic of the Compliant Spar concept inside the tip morphing partition is shown in Fig. 6b . Low fidelity structural modelling was avoided as the intention is to maximise the efficiency of the elastomer usage by varying its distribution along the length and the cross-section of the joint to maximise the ratio of bending to axial stiffness. This is difficult to be captured accurately enough with low fidelity modelling. High fidelity modelling of the structure is performed using ANSYS® 13. The aerodynamic loads (bending moment and shear force) are extracted from the Tornado VLM.
Since the wing consists of different morphing partitions, there are various ways to achieve this. In other words, either all of the partitions extend or retract by the same amount or they extend or retract by different amounts to achieve an overall span change of 22%. The main focus here is on the first scenario where all of the morphing partitions are extended or retracted by the same amount which is 22%. This implies that the wingtip partition, studied here, has to be able to extend or retract by 22% of its original length.
A. Flexible Skin and Minor Ribs
The two spars are covered by flexible skin to allow the partition length to be varied. The Compliant Spar concept requires a skin surface that can extend along with the underlying structure while effectively carrying the aerodynamic pressure loads with minimal out-of-plane deformations. The skin therefore needs to have large inplane strain capability with low stiffness and simultaneously high out-of-plane stiffness.
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The flexible skin adopted here is a sandwich panel consisting of tensioned elastomeric matrix composite (EMC) covers reinforced by a zero Poisson's ratio cellular core as shown in Fig. 7 . The EMCs consist of either a silicone or polyurethane elastomer matrix reinforced with carbon fibres [17, 18] . These fibres are aligned nearly perpendicular to the spanwise direction, so that they do not add significantly to the overall spanwise bending skin stiffness, but do transfer loads in the chordwise direction.
Additionally, they effectively eliminate the otherwise large Poisson's ratio of the elastomer matrix. The elastomeric covers are pre-tensioned, because increasing the amount of tension in the skin increases its out-ofplane stiffness without increasing weight. The zero Poisson's ratio cellular core is the MorphCore developed by Kothera et al. [19] specifically for morphing wing applications. The geometry of the core creates two distinct structural components. The points of the chevrons serve as bending beams, whose high aspect ratio and small angle relative to the chordwise direction create a spanwise extensional stiffness. The sides of the chevrons are all aligned, creating continuous ribs. These ribs provide a continuous surface for bonding the EMC skin and give the MorphCore an effective Poisson's ratio of zero. The close spacing of the ribs and bending beams provides distributed support for the EMC skin, reducing its unsupported length and significantly decreasing outof-plane deflections. In order to maintain the aerodynamic shape of the aerofoil and prevent excessive deformation of the skin, minor ribs are installed between the major ribs. The flexible skin is simply supported at the major and minor ribs to prevent excessive deformation of the skin under aerodynamic loads that can jeopardise the aerodynamic benefits of span morphing.
The minor ribs are attached only to Elements 1 or 2 through the holes in the ribs as shown in Fig. 8a . Minor ribs cannot be attached to Elements 3 as this constrains the ability of the spar/partition to retract. It should be noted that Compliant Spar always starts and ends with the Element 1, the large diameter AL tube. Elements 1 attached to the root major rib are stationary and hence minor ribs attached to those elements are also stationary. In contrast, Element 1 attached to the tip major rib moves with the rib and not relative to it. Minor ribs attached to Elements 1 (other than those attached to major ribs) and Elements 2 move relative to the root major rib as shown in Fig. 8b & c. The deformation (stretching) of the flexible skin during extension is shown in Fig. 8c . The flexible skin is pre-tensioned to maintain the aerodynamic shape of the aerofoil when the partition is retracted by 22%. 
B. Structural Modelling in ANSYS
The concentric tubes, made from AL 2024-T3, are modelled using the SHELL 181 element in ANSYS®. SHELL181 is suitable for analysing thin to moderately-thick shell structures. It has four nodes with six degrees of freedom per node. Furthermore, it is suitable for linear large rotation, and both full and reduced integration schemes are supported [20] . The elastomer is modelled using the SOLID 185 element. The SOLID 185 is used for 3 dimensional modelling of solid structures. It has eight nodes, each node having three degrees of freedom (translations in the nodal x, y, and z directions). The element formulation allows deformations of nearly incompressible elastoplastic materials and fully incompressible hyperelastic materials to be simulated [20] . A rigid beam element is used to model the major rib at one side of the partition where the other side is clamped. The rigid beam is modelled using the MPC 184 element which is well suited for linear, large rotation applications. MPC184 is multipoint constraint element that applies kinematic constraints between nodes [20]. The major rib ensures that the front and rear spar work in parallel in resisting the out-of-plane and the in-plane loads. American Institute of Aeronautics and Astronautics
i. Assumptions
The analysis in this paper is based on the following assumptions:  The strain in the elastomer due to span extension is below the value at which the behaviour of the elastomer becomes nonlinear.  Nonlinear geometric effects are neglected.  The elastomer is assumed to be isotropic and fully incompressible.
ii. Elastomer distribution
As highlighted before, the compliant joint consists of two concentric overlapping AL 2024-T3 tubes joined together using elastomeric material. The design of such a compliant joint is quite challenging. The bending stiffness must be high while the axial stiffness (spanwise direction) must be very low to minimise the actuation requirements. In addition, the weight of the partition must be low to maintain the benefits of the span morphing technology. Polyurethane elastomer is used in this analysis and the material properties are given in Table 3 . In order to achieve low axial stiffness while maintaining high bending stiffness, the elastomer must be distributed in an efficient way to achieve maximum utilisation of the material. Various configurations in the compliant joint are considered to distribute the elastomer as shown in Fig. 9 . A qualitative approach was used to determine the most suitable configuration and cross-section to be adopted. In Configuration 1, the elastomer is continuous along the length of the joint/ Element 2. The weight and axial stiffness associated with this configuration are very high and the bending stiffness is also high. In fact, the elastomeric region near the ends of joint works most efficiently to resist the bending loads. Therefore, in Configuration 2 the elastomer is placed only near the two ends of joint/Element 2 to maximise the efficiency of the material in resisting the bending loads. This also reduces structural mass and increases the ratio of bending to axial stiffness. Configuration 2 is incorporated in this analysis as it is more promising in providing a high ratio of bending to axial stiffness with low structural mass.
Furthermore, three cross-sections of the elastomeric material are considered as shown in Fig. 9 c, d , and e. Cross-sections 1 and 2 are more stable and provide better redundancy when compared to Cross-section 3 but the material usage to resist the bending and shear loads due to lift is not optimised resulting in lower structural efficiency, sub-optimal structural mass, and large actuation force. In Cross-section 2, the elastomers on the sides (left and right) works mainly in resisting the loads due to drag which is about 20 times smaller than the lift. The sides' elastomers contribute a little in resisting the loads due to lift. By removing those elastomers on the sides, Cross-section 3 is obtained. In Cross-section 3, the elastomers (top and bottom) works mainly in resisting loads American Institute of Aeronautics and Astronautics due to lift and therefore maximising the efficiency of the material usage. In addition, Cross-section 3 increases the ratio of bending to axial stiffness (lower actuation forces). Therefore, Configuration 2 with Cross-section 3 is adopted for the compliant joints. Figure 10 shows the Compliant Spars of the wingtip partition labelled and meshed in ANSYS® 13. The distance separating the centres of the spars is 0.85 m. Each spar consists of 6 joints (which is the general case). The spars are clamped on one side (root of the partition) and on the other side (tip of the partition) they are constrained together to artificially model the effect of the major rib at the tip. 
C. Loads: Aerodynamics and Actuation
The Tornado VLM was used for aerodynamic predictions. Tornado VLM is a linear aerodynamics code, and discounts wing thickness and viscous effects [22, 23] . These limitations imply that Tornado can only be used for angles of attack up to 8-10° for slender wings. The aerodynamic forces and moments are extracted from Tornado VLM. These forces and moments are used to estimate an equivalent shear force and equivalent torque that are placed at the end of the partition (tip) on the midpoint of the connecting element/major rib. The UAV can experience a load factor up to 6g due to vertical gusts [24] . This implies that the tip morphing partition (mainly the elastomer) must withstand those high limit loads without excessive deformations and/or permanent plastic deformation especially if the span morphing is used to provide various functionalities including roll control which is essential for the safety and survivability of the UAV. Therefore, the aerodynamic loads extracted from Tornado VLM are amplified to simulate the 6g scenario.
In addition to the aerodynamic loads, an axial (spanwise) extension equivalent to 22% of the partition length is imposed at the end of the partition to simulate the 22% extension scenario.
Finally, the self-weight of the partition is also considered in the analysis. This provides some inertial relief for the aerodynamic loads. The worst case loading scenario, full extension at 6g vertical gust, is considered in this chapter with a of 1.5. American Institute of Aeronautics and Astronautics
IV. MDO Studies
Two MDO studies are performed in this section. In the first study, the axial stiffness of the partition is minimised for different geometric constraints. In the second study, the optimum solutions obtained from minimising the axial stiffness are further optimised to minimise the structural mass of the partition. These studies are performed using an MDO suite that consists of the GA optimiser, Tornado VLM, and ANSYS® 13. A flowchart describing the MDO suite is shown in Fig. 12 . It should be noted that aeroelastic coupling is not considered.
Figure 12. Flowchart for the MDO suite.
The "Matlab GA Toolbox", developed by Chipperfield et al. [25, 26] was incorporated in this analysis. A fitness value is assigned to every individual of the initial population through an objective function that assesses the performance of the individual in the problem domain. Then, individuals are selected based on their fitness index and crossover between them is performed to generate new offspring. Finally, mutation of the new offspring is performed to ensure that the probability of searching any subspace of the problem is never zero. These abovementioned processes iterate until the optimum solution is achieved depending on the convergence criteria of the problem.
A. Axial Stiffness
Reducing the axial stiffness of the Compliant Spars is a main design driver as it determines the magnitude of the actuation forces and power. The actuation forces and power have a direct impact on the size, weight, and number of the actuators required. The partition original length before morphing is 1.2 m (20% of the wing semi-span). A schematic showing the design variables of the compliant joint is shown in Fig. 13 . American Institute of Aeronautics and Astronautics The objective is to minimise the axial stiffness of the partition and hence the actuation force required while maintaining sufficient bending stiffness . The bending stiffness of the partition is incorporated as a constraint on the tip deflection at the 6g gust load factor relative to the partition length.
Two different diameters of Element 1 are considered, given as 13.5% and 15% of the chord ( =1.87). These correspond to 0.2525 m and 0.2805 m respectively. It should be noted that the value of is a constraint and not a variable in the MDO studies.
Since this analysis is linear, it is essential to consider a constraint on the aspect ratio of the elastomer to account for buckling and other nonlinear structural deformations that exist but are not captured in the linear analysis and can impact the stability of the concept. Table 4 lists the 3 constraints related to the aspect ratio of the elastomer. In Constraint 1, there is no actual constraint on the minimum value elastomer's length of ( , while in Constraint 2, must be greater than or equal to 10% of the elastomer's radius. Finally in Constraint 3, must be greater than or equal to 20% of the elastomer's radius.
A convergence study was undertaken to ensure using a fine mesh capable of capturing the sensitivity of the axial/bending stiffness to the elastomer thickness and angle. The optimisation problem is run for the different values of separately. Table 5 summarises the optimisation problem with . In addition to the constraints listed in Table 5 , the constraints listed in Table 4 are considered separately and the optimisation problem is repeated for each of them. 
Constraints
In Table 5 , is the axial stiffness of the partition, is the number of joints per spar, is the total length of Elements 1, is the total length of Elements 2, is the total length of Elements 3, is the outer diameter of Element 3, is the chord of the wing, is the thickness of the large AL tube, is the thickness of the small AL tube, is half of the angle bounding one elastomer section as shown in Fig. 11 , is the reserve factor of the of the large AL tube, is the reserve factor of the elastomer material, and is the reserve American Institute of Aeronautics and Astronautics factor of the small AL tube, is the axial deformation of the compliant joint, and is the out of plane deformation of the tip end of the morphing partition. , , and can be obtained from Equations (1), (2), (3), and (4) respectively as (1) and (2) and (3) and (4) The constraints are essential to ensure that the ultimate stresses in the AL tubes and the elastomer are below the corresponding allowable strengths. In addition to the constraints, two geometric constraints are added to ensure that when the partition is retracted by 22%, the outer tubes (Elements 1) of the adjacent joints don't collide with each other.
After investigating the convergence criteria of the GA, the number of generations of the optimiser is fixed to 100 with 100 individuals per generation. For the sake of accuracy and consistency, each optimisation run is repeated 5 times. Table 6 summarises the outcomes of the study. The MDO study is repeated for and the outcomes are summarised in Table 7 . It should be noted that the GA optimiser reduces the angle toward the lower limit of the variable (25°) for both and at the different constraints. In addition, due to the large bending loads associated with the 6g gust, the optimiser fixes to 2 for both and at the different constraints. The ratio of bending to axial stiffness ( ) reduces from 8.30 with Constraint 1 to 1.10 with Constraint 3 for . On the other hand, the ratio ( ) reduces from 10.2 with Constraint 1 to 0.82 with Constraint 3 for . Figure 14 shows the variation of the axial stiffness for the different aspect ratio constraints. The curves in Fig. 14 are achieved by using exponential fitting to the data points in Tables 6 and 7 . With Constraint 1, the axial stiffness associated with is 25% lower than that associated with . However, when there is a constraint on the elastomer's aspect ratio (10% and 20%), the axial stiffness associated with are higher than those associated with . It should be noted that for both and , the GA tend to shift to its upper limit ( ). On the other hand, reduces with increasing the aspect ratio constraint while increases with increasing the aspect ratio constraint. The shear strains in the elastomeric material associated with each value of at the aspect ratio constraints are listed in Table 8 . American Institute of Aeronautics and Astronautics The shear strains listed in Table 8 are very large but well below the allowable shear strain of Polyurethane elastomer. However, at such large strains, the stress-strain curve becomes nonlinear and this is not captured in this analysis. Future work will address geometric and material nonlinearity associated with the Compliant Spar. Furthermore, the variation of the von Mises stresses on the following optimum solutions are shown in Fig.  15 Figures 15 & 16 show the stress variations for the optimum solutions at the normal 1g loading and at the ultimate 6g loading scenarios.
It should be noted that the front spar is subject to higher bending loads than the rear spar due to the equivalent torque applied, since the spars resist the equivalent torque mainly by bending. The front spar bends up due to the torque which adds up to the bending loads due the equivalent shear force, while the rear spar bends down due to the torque which subtracts from the bending loads due to the equivalent shear force. This results in the front spar carrying higher bending loads and hence subject to higher stresses. This is obvious in Fig. 15 & 16 where the front spar has higher von Mises stresses especially at the interface between the elastomer and the AL tubes close to the root of the partition (clamped). The interface region is highly loaded as the bending loads are transferred from the small AL tube to the large tube through the elastomer. The contact area between the elastomer and Element 1 is relatively small resulting in high stress concentrations. The tip deflections of the optimum solutions at 6g with a and at 1g (without ) with the different constraints are listed in Table 9 . The ratio of the aerodynamic loads at 6g (with a ) to those at 1g is 9, whereas the ratio of their corresponding deflections (listed in Table 8 ) is about 10. This amplification is mainly due to the self-weight of the Compliant Spars.
i. Actuation Forces and Power
Since the analysis performed here is linear, the actuation forces can be directly extracted from the axial stiffness for a given axial displacement. The total axial displacement of the partition is 0.264 m. The total actuation force ( ) consists of two main contributions, the force to overcome the inertia of the spars and the force to strain them. It should be noted that the contribution of the flexible skin to the actuation force is neglected in this analysis.
can be expressed as (5) where is the acceleration. A uniform accelerated actuation scheme is assumed; hence the acceleration can be expressed as (6) where is the total actuation time. Two cases are considered in this analysis. These correspond to with Constraint 1 and with Constraint 1. The actuation forces and power are estimated and presented in Tables 10 and 11 respectively. An of 14 kg is used for the partition with and . The contribution of the inertial force ( ) to the total actuation force drops significantly as increases. At s, the inertial force is 41% of the total force and at s, the inertial force is only 4% of the total actuation force and the maximum actuation power is 95 W for with Constraint 1. On the other hand, at s, the inertial force is 46% of the total force while at s, the inertial force is only 5% of the total actuation force and the maximum actuation power is 75 W for with Constraint 1. The actuation energy is mainly needed to strain the elastomeric material. The majority of this actuation energy is stored in the form of strain energy in the elastomer. Once the locking mechanism is released, the stored strain energy returns the partition to its original configuration. This is an advantage for the Compliant Spar in comparison with telescopic spars that require actuation energy to morph and unmorph them.
After thorough consideration of the state-of-the-art actuation technologies, electromechanical actuators are selected for the Compliant Spar concept due to their good performance and low associated weight. The lead angle of the screw is low to provide a self-locking mechanism without the need for continuous power supply to hold in any specific position.
ii.
Shear Strain Constraint In the previous section, the wingtip partition was designed to have a tip deflection smaller than or equal to 50% of its length at the ultimate loading scenario (6g with a ). Therefore, the GA optimiser reduced the number of joints to 2 per spar to maintain sufficient bending stiffness for the different constraints. This resulted in higher shear strains in the elastomer (due to lower number of joints). In this section, the partition is designed to have a tip deflection smaller than or equal to 10% of its length at the 1g normal loading scenario. The tip deflections at the ultimate loading scenario are not considered. Constraints on the thicknesses of the AL tubes are added to ensure that they don't fail or undergo permanent deformation when subject to the ultimate loads. The main driver of this section is to reduce the shear strain in the elastomer. Therefore a constraint on the shear strain in the elastomer is imposed to ensure that it doesn't exceed 0.75 rad. The analysis is performed for both and with Constraint 1. The optimisation problems are summarised in Tables 12  ( ) and 13 ( ). The outcomes of the optimisation problems are summarised in Table 14 . American Institute of Aeronautics and Astronautics Table 14 shows that shear strain drops from 0.94 rad when the partition was designed for the ultimate loadings (without a shear strain constraint) to 0.63 rad when it is designed for the 1g normal loading (with shear strain constraint) for with Constraint 1, and it drops from 0.87 rad to 0.61 for with Constraint 1. This is mainly due to the higher . Increasing reduces the shear strain and the axial stiffness but it also reduces significantly the bending stiffness. In order to maintain the bending stiffness, and are increased by the optimiser which in the end results in a higher axial stiffness when compared to the case of ultimate loads without a shear strain constraint. It should be noted that the values of , , and are the same for and . The GA optimiser maximises the to its upper limit to increase the bending stiffness of the partition. The variation of von Mises stresses on the optimal solutions is shown in 
B. Structural Mass
After minimising the axial stiffness of the partition for different values of at different geometric/aspect ratio constraints, the optimum solutions are further optimised to reduce the structural mass without affecting the ratio of bending to axial stiffness. Only two cases are considered (without the shear strain constraint) in this section. These correspond to with Constraint 2 and with Constraint 2. Tables 15 and  16 summarise the optimisation problem for each case. 
Constraints m m
The number of generations for each case is reduced to 50 with 100 individuals per generation, because the number of design variables has reduced in comparison to the axial stiffness optimisation. Table 17 summarises the outcomes of the study. For , the mass of the partition (only the spars) reduces from 14.5 kg to 8 kg, which corresponds to a 45% reduction in the structural mass. On the other hand, for the mass reduces from 15 kg to 9 kg which corresponds to a 40% reduction in the structural mass of the partition. American Institute of Aeronautics and Astronautics
V. Conclusions
The Compliant Spar has shown to be a promising concept capable of delivering the required variation in the partition's span. High fidelity modelling of the concept was performed using ANSYS® 13. MDO studies using a Genetic Algorithm optimiser were conducted to maximise the ratio of bending to axial stiffness and to minimise the structural mass of the concept to enhance its feasibility and preserve the benefits of span morphing. The actuation force is mainly required to strain the spar. An actuation power of about 95 W is required to morph the two Compliant Spars in 1 s. Sandwich skin panels consisting of elastomeric matrix composite (EMC) covers reinforced by a zero Poisson's ratio cellular core are adopted to maintain the aerodynamic shape of the aerofoil.
